The extracellular endo-1,4-f0-glucanase components of Ruminococcus flavefaciens FD-1 were analyzed by high-performance liquid chromatography (HPLC) by using DEAE ion-exchange, hydroxylapatite, and gel filtration chromatography and polyacrylamide gel electrophoresis (PAGE). Two endo-1,4-0-glucanase peaks were resolved by DEAE-HPLC and termed endoglucanases A and B. Carboxymethyl cellulose (CMC) zymograms were achieved by enzyme separation using nondenaturing PAGE followed by incubation of the gel on top of a CMC-agarose gel. This revealed no less than 13 and 5 endo-1,4-0-glucanase components present in endoglucanases A and B, respectively. Hydroxylapatite chromatography of endoglucanases A and B revealed one activity peak for each preparation, which contained 4 and 5 endo-1,4-0-glucanase components, respectively. Gel filtration chromatography of endoglucanase A following hydroxylapatite chromatography resolved the most active carboxymethylcellulase (CMCase) component from other endo-1,4-,8-glucanase activities. Gel filtration of endoglucanase B following hydroxylapatite chromatography showed one CMCase activity peak.
Protein stains of sodium dodecyl sulfate-PAGE and nondenaturing PAGE gels of endoglucanases A and B from hydroxylapatite and gel ifitration chromatography revealed multiple protein components. When xylan was substituted for CMC in zymograms, identical separation patterns for CMCase and xylanase activities were observed for both endoglucanases A and B. These data suggest that both 1,4-Is linkage-hydrolyzing activities reside on the same polypeptide or protein complex. The highest endo-1,4-,-glucanase-specific activities were observed following DEAE-HPLC chromatography, with 16.2 and 7.5 ,Lmol of glucose equivalents per min per mg of protein for endoglucanases A and B, respectively. CMCase activities decreased after the two subsequent purification steps, resulting in specific activities of 0.02 and 1.4 for endoglucanases A and B, respectively. Extracellular cellulose hydrolysis typically results from the action of at least three classes of cellulase enzymes. According to some hypotheses, these enzymes act synergistically in the hydrolysis of the insoluble substrate. Endo-1,4-P-glucanase (EC 3.2.1.4; endoglucanase; carboxymethylcellulase) randomly hydrolyzes 1,4-P bonds along the interior of the cellulose chain, producing reducing and nonreducing ends while also creating shorter water-soluble polymers (up to seven glucose moieties) called cellulodextrins. Exo-1,4-,3-glucanase (EC 3.2.1.91; exoglucanase) cleaves cellobiose units from the nonreducing ends of the cellulose polymer. The third enzyme, ,-D-glucoside glucohydrolase (EC 3.2.1.21; ,-glucosidase), hydrolyzes cellobiose, yielding two glucose molecules (36) .
Even though in theory only three enzymes are required to hydrolyze cellulose, bacterial cellulase systems are typically composed of many 3-glucanase enzymes. For example, the cellulase system of Clostridium thermocellum contains at least 15 polypeptides, many of which have glucanase activity (12, 18, 42) . This multiplicity of enzyme activities appears to be the result of three major factors: the existence of multigene cellulase families (10) (11) (12) (13) (14) 43) , glycosylation of cellulase gene products (3, 9, 15, 19-21, 22, 27, 44) , and cleavage of cellulase gene products by host-produced proteolysis (6, 20, 23) .
The cellulase system of Ruminococcus flavefaciens contains endoglucanase (29, 30) and exoglucanase (8) (37) or by using the equation described by Kalb cells and particulate material upon concentration. The particulate material in the cell culture supernatant clogged all ultrafiltration membranes tried. To minimize this problem, we used a high-molecular-weight-cutoff membrane (Mw, 300,000). This, however, still tended to clog, which in turn caused some leakage around the membrane; therefore, we operated the filtration unit at low pressures (8 lb/in2). The CMCase components which passed by the membrane yielded the same DEAE chromatogram as those which were retained by the membrane (Fig. 1) . These data suggest that the sample retained by the membrane represents all of the extracellular CMCase components. The filtration step worked poorly as a molecular sieve but did concentrate the sample to a manageable volume (50 ml). In an effort to develop alternative strategies for harvesting endoglucanase from the culture supernatant, however, we found that a 75% ammonium sulfate precipitation yielded less than 10% recoverable activity. We concluded that the ultrafiltration step was our best alternative. Before applying the ultrafiltration sample to (Fig. 1) . Endoglucanase A eluted at 0.22 M NaCl, and the second peak, endoglucanase B, eluted at 0.37 M NaCl. Exo A (8) was observed eluting between these two major endoglucanase activity peaks and coincided with a small CMCase peak, which could be due to synergistic activity between Exo A and the endoglucanases.
Both endoglucanase preparations showed sharp, coeluting, symmetrical activity and A280 peaks when fractionated by hydroxylapatite chromatography (Fig. 1) (Fig. 2) . Endoglucanase A following hydroxylapatite chromatography still contained no less than four CMCase components, while endoglucanase B following hydroxylapatite chromatography still contained no less than five CMCase components (Fig. 2) . The major activity peak of endoglucanase A from gel filtration chromotography contained only one CMCase component (Fig. 2) . The other CMCase components applied to the gel filtration column were not observed in the major activity peak. contained one major CMCase component as well as other less active components (Fig. 2) .
The CMCase polypeptides of endoglucanases A and B could only be partially purified. Maximum specific activities obtained were observed following DEAE chromatography, which were 16.2 U/mg of protein for endoglucanase A and 7.5 U/mg of protein for endoglucanase B. Specific activities decreased to 0.02 U/mg of protein and 1.4 U/mg of protein following gel filtration for endoglucanases A and B, respectively.
CMC zymograms of the catalytically active fractions from DEAE chromatography. We felt from the initial results that endoglucanase A and B complexes consisted of more CMCase components than revealed by mini-ND-PAGE and thus analyzed the individual fractions of DEAE chromatography with larger ND-PAGE gels ( Fig. 3 and 4) . The zymogram of the fractions which compose the endoglucanase A peak indicated that no less than 13 CMCase bands were present (Fig. 3) . Samples from DEAE chromatography which eluted between endoglucanases A and B were also examined. These failed to produce any zones of hydrolysis on CMC zymograms (Fig. 4A, lanes 1 through 4) . A CMC zymogram of the endoglucanase B region from DEAE chromatography is shown in Fig. 4 . The endoglucanase B region contained no less than five CMCase bands, four of which appeared in the most active fraction. The polypeptide patterns of endoglucanase A or endoglucanase B clearly show many noncatalytic proteins present in these CMCase-positive fractions (Fig. 3B and 4B) . The protein-stained gel containing the endoglucanase A region from DEAE chromatography shows poor banding of protein that eluted from minutes 29 to 31 (Fig. 3B, lanes 5 to 7) . The reason for this is unknown and is probably an artifact of protein staining, as evidenced by the distinct bands detected by the activity gel. However, it is interesting that these samples correspond to the most active fractions of the CMCase activity peak.
Polysaccharide hydrolyzing activities in endoglucanase A and endoglucanase B. Pettipher and Latham (29) have observed xylanase and CMCase coeluting from gel filtration columns and suggested that these activities of R. flavefaciens are at different active sites but could reside on the same polypeptide or protein complex. We also observed a high xylanase activity in endoglucanases A and B following DEAE chromatography (Table 1) . We therefore addressed the question of multifunctional enzymes by performing sideby-side CMC-xylan ND-PAGE zymograms of proteins from fractions with the highest CMCase activities from endoglucanase A and endoglucanase B following DEAE chromatography. Figure 5 shows that many, if not all, of the CMCase bands in endoglucanase A also hydrolyze xylan. 
DISCUSSION
The endoglucanase components of R. flavefaciens 67 have previously been investigated (29) . These workers reported that cell culture supernatant endo-1,4-p-glucanase existed in three forms, one of .3,000,000 daltons and 2 smaller fractions of .800,000 and 89,000 daltons, and each of these fractions also contained activity against xylan, filter paper cellulose, and Avicel. Although they suggested that different active sites were probably responsible for CMC and xylan degradation, no further attempt was made to purify these enzymes and ascertain characteristics of the individual proteins responsible for the observed activities. Our work supports the observation of Pettipher and Latham (29) by showing that endo-1,4-p-glucanase is composed of a variety of components. We also present data suggesting that the high-molecular-weight enzyme complexes must be intact for maximal endo-1,4-,B-glucanase activity.
CMC zymogram experiments in which the fractions of endoglucanase A from DEAE-chromatography were used contained no less than 13 CMCase components, while endoglucanase B appeared less heterogeneous, with at least 5 CMCase components (Fig. 3 and 4) . One explanation is that two endoglucanase complexes, each composed of different enzyme species, were resolved by DEAE chromatography. Likewise, it is also possible that some non-CMCase components had a high affinity for the endoglucanase complex and thereby eluted as an aggregate of proteins. (12, 18, 42) . Cellobiose-grown Ruminococcus albus cultures exhibit CMCase activity from a cell-bound complex of >1.5 x 106 daltons (41) , and multiple endoglucanase components in cell aggregates of Mr > 4 x 106 daltons have also been reported in Bacteroides succinogenes (33) . Therefore, it is likely that the endoglucanases from R. flavefaciens also exist in aggregates of catalytic and noncatalytic components. The natures and roles of these noncatalytic polypeptides are not known.
The heterogeneity of the CMCase components from R. flavefaciens could be the result of posttranslational modification of cellulase gene products. Carbohydrate-containing ceilulase has been observed in many cellulolytic species. The bacteria B. succinogenes (15) , Thermomonosporafusca (6) , and C. thermocellum (9) The observation that many of the CMCase proteins also catalyzed the hydrolysis of xylan is interesting. This type of multifunctional cellulase has been reported in T. viride (34, 39) and has been suggested for many other systems. This type of cellulase appears to be common to Ruminococcus. It has been suggested that CMCases from R. albus have activity towards xylan (25) . Indeed, a CMCase cloned from R. albus SY3 has both CMCase and xylanase activity in a single 56,000-dalton protein encoded from a 4.7-kilobase fragment (32) . We have also cloned a CMCase from R. flavefaciens FD-1 that appears to be a multifunctional protein with both CMCase and xylanase activity (Howard and White, Anim. Biotech., in press). This type of enzyme may play an important role in plant cell wall hydrolysis and warrants further investigation.
Our present research efforts are directed toward purifying some of these endoglucanase components. Furthermore, we are using molecular analysis of cellulase genes to address the heterogeneity of cellulase components and to determine whether both cellulase and xylanase activities are catalyzed by the same or different active sites.
